Purpose: To assess the retinal vessel blood oxygen saturation preoperatively and postoperatively in patients with different grades of cataracts. Methods: This study included 40 eyes from 40 patients with senile cataracts ranging from grade 1 to 3. All 40 eyes received standard phacoemulsification and intraocular lens implantation. The mean retinal arterial and venular oxygen saturation (SO 2 ) levels were measured using the Oxymap system prior to, immediately after and 3 months after cataract surgery. The arterial-venular difference (AVD) was calculated as the difference between the arterial and venular saturations. Linear regression analysis was performed to identify the relationship between the lens density grades and changes in the measured retina vessel SO 2 . Results: The mean age of the subjects was 64.1 AE 7.8 years, and 14 (35%) were male. The mean SO 2 level increased in the retinal arterioles from 90.5 AE 7.8% to 95.0 AE 6.7% immediately postoperatively and to 98.3 AE 5.3% at 3 months after surgery (p < 0.001). The mean venular saturation levels were 43.4 AE 9.7%, 58.0 AE 8.5% and 61.9 AE 6.5% at baseline, immediately after and at 3 months postoperatively, respectively, with a statistically significant increase after surgery (p < 0.001). The mean AVD significantly decreased from 47.1 AE 8.9% before surgery to 37.1 AE 7.3% immediately after and 36.4 AE 6.4% 3 months after surgery (p < 0.02). A linear regression model indicated that denser lens opacity was significantly associated with a larger amplitude of the venular SO 2 level and the AVD after cataract surgery: change of venous SO 2 = 5.934-0.191 3 Age + 13.534 3 Lens Grade (age: p = 0.586; lens grade: p < 0.001); change in AVD = À7.438-0.037 3 Age + 7.744 3 Lens Grade (age: p = 0.917; lens grade: p = 0.031). Conclusions: Retinal arterial and venular oxygen saturation levels are significantly increased after cataract surgery, and increase rates vary with the preoperative grading of lens density.
Introduction
Recently, non-invasive retinal vessel oxygen saturation measurements have been widely used for the assessment of systemic and ocular diseases, including diabetic retinopathy, glaucoma and retinal vein occlusion (Hardarson & Stefansson 2010 Olafsdottir et al. 2011) . Two retinal oximetry systems are currently available commercially (Oxymap ehf., Reykjav ık, Iceland, and Imedos, Jena, Germany) (Beach 2014) . Both use conventional fundus camera optics and dual-wavelength analysis. Although these devices have provided valuable insight into the role of oxygen in disease processes, their image analyses are limited because they require certain prerequisites to obtain goodquality images, including clear media (e.g. cornea, lens, vitreous and aqueous humour). Lens opacities can cause changes in the accuracy and reproducibility of oximetry results due to possible changes in the wavelength, increased scatter and decreased total light (Sakanishi et al. 2012) . A previous study assessed the impact of light scatter similar to that introduced by a cataract on retinal vessel blood oxygen saturation measurements using polybead solutions of varying concentrations and found that retinal vessel oximetry of the retinal vessels is altered by artificial light scatter (Patel et al. 2013) . However, the model may not simulate the impact of true cataracts, as it only introduces light scatter and does not mimic the effects of lens yellowing. Therefore, the impact of lens opacity on the assessment of blood oxygen saturation remains unclear.
Most elderly people have cataracts, and the elderly are also the primary group of interest for retinal oximetry due to the age-dependent prevalence of many common and serious eye diseases. Failure to account for the effect of cataracts on retinal oximetry might lead to false conclusions in patients with early cataracts. Thus, an investigation of the impact of cataracts on retinal oximetry measurements is warranted. The purpose of this study was to investigate changes in retinal vessel oxygen saturation after cataract surgery and to assess the effect of different grades of cataract on retinal vessel oxygen saturation measurements.
Materials and Methods

Subjects and enrolment criteria
This prospective study was performed in the Cataract Department (Zhongshan Ophthalmic Center of Sun Yat-sen University, Guangzhou, China) from January to March of 2015. The study was conducted in accordance with the provisions of the Declaration of Helsinki for research involving human subjects. The Ethical Review Committee of the Zhongshan Ophthalmic Center approved this study, and written informed consent was obtained from all participants following a detailed explanation of the study. All participants were from the Chinese Han population.
Consecutive patients with grade 1-3 nucleus cataracts who planned to undergo cataract surgery with the insertion of a posterior chamber intraocular lens (IOL) were enrolled in the study. A preoperative slit lamp examination to grade the nuclear and cortical density of the lens was performed by an independent physician using slit lampadapted anterior segmental photography (BX900, Haag-Streit AG, K€ oniz, Switzerland) at maximum illumination without light filtering. The Lens Opacities Classification System III (LOCS III) nuclear opalescence grading was used. Each subject was allocated to one of six LOCS III grades based on the single highest score, on a scale from 1 to 6, of each of the subtypes: nuclear opacification, nuclear colour, cortical cataract or subcapsular cataract.
Following a standard ophthalmologic examination, including assessments of the best-corrected visual acuity (BCVA), intraocular pressure, subjective refraction (the refraction data were converted to the spherical equivalent refractive power, calculated as the sum of the best-corrected spherical power plus half the cylinder power), dilated pupil ophthalmoscopy and retinal oximetry imaging, 40 eyes from 40 consecutive patients were enrolled in this study. If both eyes exhibited cataracts and were undergoing operation during the study period, the first eye to undergo surgery was included in the analysis. The exclusion criteria were eyes with a history of ocular disease, including diabetic retinopathy, early or late age-related macular degeneration (AMD), retinal vein occlusion, uveitis or other vascular or inflammatory retinal disorders and a history of ocular surgery. Additional exclusion criteria included operative complications (e.g. posterior capsule rupture, vitreous loss, prolapse through the wound and iris trauma), although none of the enrolled patients experienced surgical complications.
Surgical procedures and postoperative treatment
Surgeries were performed by a single experienced surgeon using a standardized phacoemulsification technique. All surgeries were performed using the Infiniti Vision System (Alcon Inc., Fort Worth, TX, USA). After phacoemulsification, an aspheric IOL (Tecnis-1 ZCB00, Abbott Medical Optics Inc., IL, USA) was implanted in the bag. Levofloxacin eye drops (0.5%) were prescribed to each patient to prevent infection and were administered 3 days before the cataract surgery. Postoperative treatment consisted of topical combination tobramycin and dexamethasone eye drops for 4 weeks. All patients experienced improvement in BCVA, and no patients required further treatment for the development of macular oedema or posterior capsule opacity during the observation period.
Retinal oximetry
Retinal oximetry was performed using the Oxymap system (Oxymap, Inc., Reykjavik, Iceland). The Oxymap system is an automated oximeter that is available as an attachment for the Topcon DX-50 (Topcon, Inc., Tokyo, Japan) fundus camera. Measurements from the images were acquired by a single examiner following a standardized protocol. Two different wavelengths (600 and 570 nm), filtered from the incoming light, were employed to deliver two fundus images. The image quality, which is composed of assessment of focus and contrast, was automatically measured by a specialized software (OXYMAP ANALYSER SOFTWARE 2.5.0; Oxymap). For each image, a fixed peri-papillary annulus (inner radius of 1 disc diameter and outer radius of 3 disc diameters) was manually defined for further analysis. The annulus was centred on the optic nerve head and was specifically designed to account for different optic disc sizes. In each eye, oxygen saturation was measured in all retinal arterioles and venules measuring above eight pixels in vessel width around the optic disc, and the same vessels' segments were averaged before and after surgery ( Fig. 1 ). Only retinal vessel segments with a minimum length of 100 pixels were included. For branching vessels, the parent branch was measured. If the parent branch was <100 pixels in length, daughter branches were also measured. At vessel crossings, the distal segment was chosen unless this segment was <100 pixels in length, in which case the proximal segment was measured. The localization by quadrant for each vessel segment was assigned according to the end-point of the vessel. Within this area, the SO 2 values of approximately 6-10 arterioles and 6-10 venules were calculated and averaged automatically ( Fig. 1) . The arterialvenular difference in the vessel SO 2 values was calculated as the SO 2 in the arterioles minus the SO 2 in the venules. All fundus images were obtained in a darkened room by a single trained technician to minimize operator variability. The pupils were dilated with 0.5% tropicamide and 0.5% phenylephrine. Each subject spent 2 min adapting to the dark before oximetry. All subjects underwent baseline imaging from 2 weeks before until 24 hrs before the time of surgery. Postoperative imaging was recorded immediately after surgery and 3 months later, when the refractive media clarity had recovered.
Statistical analysis
The changes in the before, immediately postoperative and 3 months postoperative data were analysed by repeated-measures ANOVA and the Bonferroni post-test. Linear regression analysis was performed to identify the relationship between lens density grades and the magnitudes of the changes from baseline to the peak measured retina vessel SO 2 . p values for multiple comparisons between the three groups were adjusted using the Bonferroni method. p values of <0.05 were considered significant in other analyses. Data analysis was performed using SPSS (version 19.0, SPSS Inc. Chicago, IL, USA).
Results
We recruited 40 patients in total. The mean age of the subjects was 64.1 AE 7.8 years, and 14 (35%) were male. The baseline characteristics are presented in Table 1 . There were no significant differences in sex, heart rate, finger SO 2 , systolic blood pressure or diastolic blood pressure among the three groups. However, there were significant difference in age, phaco time and ultrasound power among the different cataract grade groups.
Representative images acquired from patients before and after cataract surgery are presented in Fig. 2 . The mean arterial SO 2 levels of the 40 eyes at baseline, immediately after surgery and 3 months after surgery, were 90.5 AE 7.8%, 95.0 AE 6.7% and 98.3 AE 5.3%, respectively. The mean venular SO 2 values at baseline, immediately after surgery and 3 months after surgery, were 43.4 AE 9.7%, 58.0 AE 8.5% and 61.9 AE 6.5%, respectively. The mean AVD values at baseline, immediately after surgery and 3 months after surgery, were 47.1 AE 8.9%, 37.1 AE 7.3%, and 36.4 AE 6.4%, respectively. For grade 1-3 cataracts, the baseline arterial SO 2, venular SO 2 and AVD were significantly different among the three groups (p = 0.042, p < 0.001, p < 0.001, respectively). The overall image quality (p < 0.001) including both focus (p < 0.001) and contrast (p < 0.001) was significantly decreased with increasing cataract severities (Fig. 3) . The arterial SO 2 increased by 5.0% and 8.6%, respectively, after surgery, and the venular SO 2 increased by 33.6% and 42.6%, respectively, after surgery (Fig. 4) . Repeated-measures ANOVA indicated that the changes were statistically significant (all p < 0.001; Table 2 ). The Bonferroni post-test revealed that compared with the baseline values, the arterial and venular SO 2 levels increased at each postoperative measurement: immediately after surgery (p < 0.001) and 3 months (p < 0.001) postoperation.
To identify factors that could predict a larger change in vessel SO 2 level (baseline to postoperative peak), a linear regression model was used. The evaluated variables included age and lens density. The linear regression analysis revealed that denser lens opacity was significantly associated with larger amplitudes of the venular SO 2 level and the AVD after cataract surgery: change in venous SO 2 = 5.934-0.191 9 Age + 13.534 9 Lens Grade (p = 0.586 for age and p < 0.001 for lens density); AVD = À7.438-0.037 9 Age + 7.744 9 Lens Grade (p = 0.917 for age and p = 0.031 for lens density). The lens density also had a great impact on the change in the arterial SO 2 level, although statistical significance was not achieved: change in arterial SO 2 = 5.526-0.132 9 Age + 6.183 9 Lens Grade (p = 0.688 for age and p = 0.063 for lens density; Fig. 5 ).
Discussion
In this cohort of adult patients undergoing cataract surgery, we have shown that retinal arterial and venular oxygen saturation levels as measured by the Oxymap system are significantly increased after cataract surgery. The 13.7 (3.6) 13.4 (3.9) 13.7 (3.9) 13.9 (3.1) 0.946 SBP = systolic blood pressure, DBP = diastolic blood pressure, IOP = intraocular pressure. Statistically significant differences among the 3 groups (p < 0.001) based on the Bonferroni method. Data are mean (SD).
Oxymap system, used in the present study, relies on spectrophotometric measurements to determine oxygen saturation in the retina. With increasing age and the comorbidity of most cataracts with systemic or ocular disease, media transmission is invariably altered (Polo et al. 1996; Bron et al. 2000; Artigas et al. 2012; Wuerger 2013) . This change in ocular media transparency and the scattering effect (light diffusion) produced by a cataract can affect spectral transmission and the optical density ratio (ODR) calculation. However, the effects of image quality on oximetry measurements are more difficult to quantify and correct. Experience indicates that poor contrast (e.g. due to cataracts) tends to lead to lower measured oxygen saturation. Therefore, it would also be interesting to determine whether poor images attributable to severe cataracts were excluded from the analysis. Previous studies have quantified the influence of artificial light scatter on various retinal imaging instruments (Venkataraman et al. 2005; Burke et al. 2006; Azizi et al. 2007 ). In vivo, Patel et al. (2013) introduced an additional plano lens filled with a polybead solution that simulated light scatter to mimic the changes in lens morphology. The light scatter model used in this study incorporated polybead microspheres, mimicking a forward light scatter similar to that produced by the ultra-structural features of human lens fibre cells (Costello et al. 2007 ). The authors found that the oximetry of the retinal vessels is altered by artificial light scatter. However, the results must be interpreted with caution: the model may not simulate the impact of true cataracts because it only introduces light scatter and does not mimic the lens yellowing. A newly developed software tool has been introduced to analyse the quality of the images acquired by Oxymap. Using this new software version, we found that the image quality (focus and contrast) was significantly decreased with increasing lens opacification grading. Consistent with our study, Hardarson et al. 2014 Hardarson et al. , 2015 found that poor image quality and Fig. 3 . Image quality assessed by an automatic image quality tool for different degrees of cataract before surgery. ANOVA and the Bonferroni post-test indicated overall picture quality, focus and contrast were all decreased with increasing severity of cataract density. *p < 0.001 compared to grade 1. #p < 0.001 compared to grade 2. cataract lead to lower measured venous SO 2 levels. Sin et al. (2016) also found that patients with nuclear cataract exhibited an increase in saturation in both arteries and veins after pars plana vitrectomy, phacoemulsification and IOL implantation. However, the specific effects of different degrees of cataracts on the results remain unclear. A correction model based on different grades of cataracts would be easier to access and more convenient to apply in clinical practice. Therefore, detecting changes in the vessel SO 2 levels in preand postcataract patients will help researchers investigate the impact of cataracts on retinal oximetry measurements.
We found that light scatter, which is typical of an ageing lens, can alter retinal vessel oxygen saturation measurements because it can impact the fundus and vessel reflection, which form the basis of the retinal vessel blood oxygen saturation calculation. By degrading the spatial resolution of the retinal features, the detection of the vessel lumen and exterior can thus impact measurements of the optical density of the retinal vessels (Mita et al. 2012) . The current conventional approach to retinal oximetry consists of white light illumination of the fundus, where the image is subsequently filtered with light filters for spectrophotometric analysis. Lens opacities reduce the retinal image quality. In our opinion, lens opacities can cause changes in the accuracy and reproducibility of the Oxymap results due to possible changes in the optical density caused by light scatter, media opacity and illumination at the two measured wavelengths. In humans, the crystalline lens undergoes a number of changes with advancing age, including the aggregation of lens crystallins and the formation of high molecular weight aggregates 300-500 nm in diameter. These aggregates introduce intraocular light scatter due to differences in their refractive index, which manifests as opacification of the crystalline lens, subsequently producing forward light scatter and the resultant degradation of retinal image quality (Moss & Wild 1994) . Cataracts cause medium opacities that increase light scattering and absorption, whereas clear optical media afforded by the cataract surgery will optimize forward and back light scattering. As the ocular stray light is wavelength dependent (Ginis et al. 2013) , this could have contributed to the changes in ODR as measured. Apart from changes in scattering light caused by cataract, changes in light transmission can further contribute to erroneous measurements. Light transmission through a human eye can be assumed equal across the visible light wavelength range including the two wavelength (570 and 600 nm) applied for measuring oxygen saturation (Artigas et al. 2012 ). However, this can be altered in case of age-related cataract changes and there will be a difference in the absolute transmission for these wavelengths affecting oxygen consumption outcome measures.
In addition, the linear regression models indicated that a severe cataract density predicts a larger magnitude increase in retinal arterial and venular oxygen saturation after cataract surgery, which appears reasonable. Other factors associated with retinal oxygen saturation, including age, did not influence the magnitude of change in vessel saturation.
The possible limitations of our study are as follows. It is possible that the cataract surgery itself may have influenced the results. The cataract surgery may have an impact on the blood flow velocity, and reduced oxygen consumption secondary to an extraction of the human lens could also lead to increased retinal oxygen saturation (Hilton et al. 2005) . However, for the measurements taken 3 months after surgery, we expect that the blood flow velocity returned to normal (Rainer et al. 1999) . Additionally, it is less likely that the oxygen consumption by the lens would cause such large magnitudes of change in retinal vessel saturation (Shui et al. 2006) . Lastly, although the present sample was small, this study demonstrated for the first time the effect of different grades of cataracts on dual-wavelength retinal vessel oximetry, which has been proven to be independent of the effect of ageing, which has previously been suggested to result in reduced venular saturation (Geirsdottir et al. 2012 ).
In conclusion, our study indicates that the lens density influences the calculation of retinal vessel blood oxygen saturation measurements. Many patients, in particular those suffering from retinal diseases such as Table 2 . The saturation of retinal arterioles and venules immediately after and 3 months after cataract surgery. diabetic retinopathy, have a tendency to develop cataracts earlier than their healthy counterparts. Failing to account for this factor when using retinal oximetry may lead to lower measured venous SO 2 levels and even affect measurements of arterioles. This study provides evidence for more accurate comparisons between agerelated disease and related retinal vessel blood SO 2 values and introduces correction models based on lens grades for quality control of retinal oximetry measurements. Future studies taking into account the artificial lens properties with respect to scatter, colour, transmission and lens material are needed.
